Abstract: One aim of this study is to use non-Gaussian diffusion kurtosis imaging (DKI) for capturing microstructural abnormalities in gray matter of Alzheimer's disease (AD). The other aim is to compare DKI metrics against thickness of cortical gray matter and volume of deep gray matter, respectively. A cohort of 18 patients with AD, 18 patients with amnestic mild cognitive impairment (MCI), and 18 normal controls underwent morphological and DKI MR imaging. Images were investigated using regionsof-interest-based analyses for deep gray matter and vertex-wise analyses for cortical gray matter. In deep gray matter, more regions showed DKI parametric abnormalities than atrophies at the early MCI stage. Mean kurtosis (MK) exhibited the largest number of significant abnormalities among all DKI metrics. At the later AD stage, diffusional abnormalities were observed in fewer regions than atrophies. In cortical gray matter, abnormalities in thickness were mainly in the medial and lateral temporal lobes, which fit the locations of known early pathological changes. Microstructural abnormalities were predominantly in the parietal and even frontal lobes, which fit the locations of known late pathological changes. In conclusion, MK can complement conventional diffusion metrics for detecting 
INTRODUCTION
Alzheimer's disease (AD) is a progressive neurodegenerative disease and is the most prevalent type of dementia in the elderly. Amnestic mild cognitive impairment (aMCI) is a subtype of a pre-dementia stage that has a high risk of developing into AD [Ganguli et al., 2004] . Due to the lack of a reliable biomarker sensitive to early pathologic changes, definitive diagnosis of the disease can only be made after advanced stages using clinical-based criteria [Albert et al., 2011] . Development of a reliable biomarker for early diagnosis and progression monitoring of the disease is therefore of paramount importance. To achieve this goal, PET imaging tracers that label amyloid-beta protein, which is a characteristic feature of AD, have been developed. However, a later study found that although amyloid plaques are associated with a predisposition to dementia, they relate poorly to the severity of dementia [Furst et al., 2012] . Alternatively, radiation-free and non-invasive MRI techniques have been extensively investigated [Bosch et al., 2012; O'Dwyer et al., 2011; Rusinek et al., 2004] . MRI-based diffusional metrics in white matter tracts at the microscopic level and morphological measurements of medial temporal lobe structures at the macroscopic level can potentially detect structural changes caused by not only amyloid deposition, but also neurofibrillary tangles, as well as loss of synapses and neurons.
Diffusion tensor imaging (DTI) characterizes water diffusion dynamics and has been widely used in probing microstructural degeneration in stroke [Moseley et al., 1990a,b] . Its initial focus in MCI and AD has been the detection of microstructural abnormalities in normalappearing white matter. Two diffusion metrics derived from DTI, namely fractional anisotropy (FA) and mean diffusivity (MD), have been widely investigated. In various brain regions, including the corpus callosum and cingulum bundle, significant decrease in FA or increase in MD has been reported in subjects with MCI and AD as compared to cognitively normal controls (NC) [Bosch et al., 2012; O'Dwyer et al., 2011] . FA and MD have also been reported helpful in identifying subgroups of aMCI subjects who would convert to AD [Scola et al., 2010] .
So far, applications of DTI in AD and MCI have been largely limited to probing regional changes in white matter tracts. Cortical and deep gray matter investigations have been rarely reported, with findings largely confined to MD increase in the hippocampus [Kantarci et al., 2004; Muller et al., 2005] . It is in cortical gray matter that the earliest pathological changes of AD such as neurofibrillary tangles and neuropil threads primarily appear [Braak and Braak, 1998 ]. Moreover, white matter changes are suggested as results of Wallerian degeneration secondary to loss of neurons in cortical gray matter [Bozzali et al., 2002] . Evidence has shown that gray matter metabolic changes as well as atrophy bear stronger association with clinical abnormalities than changes of white matter tracts, and have even greater correlation with clinical symptoms than amyloid deposition [Josephs et al., 2008; Walhovd et al., 2009] . Therefore, imaging microstructural changes in cortical and deep gray matter is likely to provide sensitive biomarkers for identifying subjects with AD potential at the earlier stage.
However, DTI has one intrinsic limitation that potentially leads to incomplete characterization of brain microstructure. Its assumption of Gaussian water diffusion is contradictory to the general observation of non-Gaussian diffusion in the brain, which can be characterized by a higher order tensor model [Liu et al., 2004 [Liu et al., , 2010 . Diffusion kurtosis imaging (DKI) is an extension of DTI to the fourth-order [Jensen et al., 2005] . It can provide kurtosis metrics such as mean kurtosis (MK) for characterizing the non-Gaussian diffusion property in both white and gray matters. Since the first DKI study in AD [Gong et al., 2013] , promising results have suggested that kurtosis metrics could help in more comprehensively characterizing AD-related microstructural alterations in white matter tracts [Falangola et al., 2013] . Other studies in healthy aging [Coutu et al., 2014; Gong et al., 2014] and Parkinson's disease [Wang et al., 2011] have reported that MK can capture unique microstructural alterations in deep gray matter regions. To date, no prior study has used DKI to detect abnormalities in cortical or deep gray matter of aMCI and AD, even though the thalamus has been reported as one of the gray matter regions that have the earliest amyloid deposition [Klunk et al., 2007] .
At the macroscopic level, morphological measurements such as the volume of the hippocampus, as well as the thickness of the entorhinal cortex and parahippocampal [Dubois et al., 2007] . Specifically, atrophy of the hippocampus has been consistently reported as a hallmark of macrostructural changes that predict conversion from aMCI to AD [Rusinek et al., 2004] . Even though a few existing literature have reported atrophy of the putamen and thalamus [de Jong et al., 2008] , deep gray matter especially the basal nuclei have so far received much less attention from morphological studies.
Considering that microstructural changes likely precede alterations detectable at the macrostructural level, biomarkers sensitive to microscopic structural alteration are expected to offer information complementary to morphology and thus assist in, if not improve, the early diagnosis of AD. However, compared to morphological measurements, diffusion imaging at the microscopic level has not been as widely used for identifying individuals with aMCI or AD. Except for one study that suggested diffusivity in the hippocampus was more sensitive than volume for diagnosis of MCI [Muller et al., 2007] , a meta-analysis of previous studies concluded that DTI metrics in white matter were not superior to volumetric measurements for detecting early stage AD [Clerx et al., 2012] . The reason underlying the inefficacy below expectation remains unclear. We hypothesized that a thorough examination of spatial and temporal relationship between structural changes at the microscopic and macroscopic levels along the trajectory from healthy subjects to MCI to AD could shed light on this problem. However, consensus has not yet been reached regarding whether or not the spatial distribution of microstructural changes detected by diffusional metrics is overlapping with that of morphological alterations [Clerx et al., 2012] . Also, little is known about the temporal sequence between microstructural and macrostructural changes, although it is predicted that microstructural alterations may take place prior to morphological changes.
The first objective of the current study is to use nonGaussian diffusion imaging for capturing microstructural abnormalities of AD and aMCI in the cortical and deep gray matter. We hypothesized that kurtosis metrics such as MK may reflect microstructural changes beyond those observed using conventional metrics such as MD and FA, thereby serving as a complementary imaging biomarker for early diagnosis and cognitive assessment of the disease. To investigate the differences between spatial patterns of microstructural and macrostructural abnormalities across preclinical MCI stage to AD, we also compared DKI metrics against thickness of cortical gray matter and volume of deep gray matter, respectively. We proposed that microstructural changes predated macrostructural changes and that the large-scale morphological changes may counterbalance the effect of alterations in microstructural compositions reflected by diffusion MRI.
METHODS AND MATERIALS

Participants and Cognitive Assessment
This study was approved by an institutional review board. Informed consent was obtained from every subject. AD subjects were diagnosed based on standard operationalized criteria of Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) and National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) for clinically probable AD and a global deterioration scale (GDS) [Reisberg et al., 1982] score of 4-5 (mild to moderate dementia stage). aMCI subjects were recruited with the following criteria: has mild memory impairment that was self-or informant-reported, objective evidence of cognitive impairment in at least one domain (memory, language, executive, and visuospatial functions) based on performance of 1 standard deviation below the mean for their age, a GDS score of 3 (MCI), and insufficient cognitive and functional impairment for a diagnosis of dementia. Healthy subjects with a GDS score of 1-2 and without evidence of dementia or cognitive impairment were recruited as normal control (NC).
All subjects were examined by a geriatrician or a psychiatrist using a standard neuropsychological assessment battery that included a measure of global functioning by mini-mental state examination (MMSE) and a GDS examination. Fifty-four gender and age matched subjects (18 NC, 18 aMCI, and 18 AD) were recruited and underwent MR imaging. Their detailed demographic and neuropsychological information are listed in Table I .
Magnetic Resonance Images Acquisition
All scans were performed on a Philips 3T MRI Achieva scanner (Philips Healthcare, Best, The Netherlands). A body coil was used for excitation and an eight-channel head coil was used for reception. Diffusion-weighted images were acquired with 3 b values (0, 1,000, and 2,000 s/mm 2 ) with 32 ; matrix size 5 128 3 128; 33 axial slices with no interslice gap to cover the whole brain; SENSE-reduction factor 5 2; and partial Fourier encoding 5 3/4. The acquisition time was 15 min. For anatomical reference, 3D T1-weighted fast-field-echo images were acquired with the following parameters: TR/TE/ TI 5 7.0/3.2/800 ms; reconstruction resolution 5 1 3 1 3 1 mm 3 ; matrix size 5 256 3 256; 167 slices. The acquisition time was 10 min. T2-weighted fluid attenuated inversion recovery turbo-spin-echo images and susceptibilityweighted images were also acquired for screening subjects with vascular damage or lesions.
Derivation of DKI Metrics
Diffusion weighted images were first corrected for eddycurrent distortion and head motion in reference to b0 images using FLIRT (contained in FMRIB Software Library) with 12 degrees of freedom [Jenkinson et al., 2002] . Gradient directions were reoriented for subsequent processing. Spatial Gaussian smoothing using a full-width-half-maximum of 2.5 mm was then performed without further correction for geometric distortion. Apparent diffusion and kurtosis coefficients were calculated to obtain the diffusion tensor and kurtosis tensor. DKI metrics of FA, MD, and MK were calculated from these tensors using constrained linear least square formulation [Jensen and Helpern, 2010; Tabesh et al., 2011] . All metric calculations were performed using inhouse MATLAB (MathWorks, Natick, MA) programs.
Cortical Gray Matter Analysis and Deep Gray
Matter Segmentation T1 weighted images based volumetric segmentation was performed using the FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are described in a prior publication [Reuter et al., 2010] . Briefly, this processing includes motion correction and averaging of multiple volumetric T1 weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure, automated Talairach transformation, and segmentation of the subcortical white matter and deep gray matter volumetric structures. Cortical thickness measurements at each vertex were automatically extracted for each hemisphere. In addition, deep gray matter structures-the thalamus, caudate nucleus, putamen, globus pallidus, hippocampus, and amygdala-were automatically segmented and extracted for both hemispheres. For these subcortical structures, volume measurements from both hemispheres were adjusted for estimated total intracranial volume before group-wise compared. DKI parametric values in these nuclei were extracted and averaged over the whole volume of each nucleus for further statistical comparisons.
Cortical gray matter thickness and DKI metrics were examined in a vertex-wise fashion for group-wise local differences and correlations with MMSE score. The detailed steps were: (1) T1-weighted images were first co-registered into diffusion space in reference to the b0 images using FLIRT [Jenkinson et al., 2002] ; (2) the co-registered T1-weighted images were spatially normalized into a CVS template space using a trilinear interpolation algorithm included in FreeSurfer [Postelnicu et al., 2009; Zollei et al., 2010] ; (3) corresponding transformation matrices were then used to interpolate DKI metrics and move them into the CVS template space; (4) the DKI metric data were then resampled onto the surface using nearest neighbor interpolation; (5) the DKI maps and cortical thickness maps extracted in the previous processing were smoothed using a Gaussian kernel with a full width half maximum of 10 mm; (6) they were then entered as the dependent variable in the vertex-wise general linear model (GLM) included in FreeSurfer for testing main effect of group and MMSE score with age and sex as covariates. All vertexwise analyses were cluster-wise corrected for multiple comparisons using Monte Carlo Z simulation while thresholding the vertex-wise statistical maps at P < 0.01, with a cluster-level threshold of P < 0.05, and 5,000 iterations.
Statistical Analyses for Regional Measurements in Deep Gray Matter
DKI metrics and volume measurements were compared across three groups using Analysis of Covariance (ANCOVA) with a GLM, in which subject group was a between-subjects factor, and age and gender were covariates. Multiple comparisons were corrected for multiple regions using the Sidak method in a multivariate GLM [ Sid ak, 1967] . Similar ANCOVA analyses were carried out for testing correlations between DKI metrics and MMSE score, with age and gender as covariates. P value < 0.05 (two-tailed) was considered as statistically significant. All statistical analyses were performed using SPSS (v. 22.0.0, SPSS, Chicago, IL).
RESULTS
Abnormalities of DKI Metrics and Volume in Deep Gray Matter
After adjusting for age and gender, MK showed the largest number of regions with significant abnormalities at the stage of aMCI, which includes the bilateral hippocampus, thalamus, putamen and globus pallidus. Following MK, MD also captured changes in the amygdala. It is worth noting that all three DKI metric exhibited significant abnormalities in fewer regions at the AD stage as compared to aMCI stage (Table II, Fig. 1 ).
Significant atrophies were observed in the bilateral hippocampus and amygdala at the aMCI stage. In contrast, significant atrophies were observed in two additional nuclei, Numbers are shown in adjusted mean with 95% confidence interval. a * P < 0.05; ** P < 0.01; *** P < 0.001.
r Macro-and Microstructural Changes in Gray Matter of AD r r 2499 r namely the thalamus and putamen at the later stage of AD (Table II, Fig. 1 ). Interestingly, atrophies of the thalamus and putamen were present at the AD stage, although they were absent at the aMCI stage when microstructural abnormalities were captured by all three DKI metrics (Table II, Fig. 2 ). Refer to Table II for further details. With respect to correlation with MMSE score, significant correlations were found in volume measurements but not in DKI metrics. Regions exhibiting significant correlations were the putamen (left), hippocampus (left and right) and amygdala (left). Refer to Table III for further details.
Abnormalities of DKI Metrics and Thickness in Cortical Gray Matter
At the stage of aMCI, in addition to the superior frontal gyrus, rostral middle frontal gyrus, superior parietal lobule, precuneus cortex, posterior cingulate cortex and caudal anterior cingulate cortex, decreases of cortical thickness were prominently observed in temporal lobe regions including the superior temporal gyrus, middle temporal gyrus and inferior temporal gyrus. Regarding DKI metrics, microstructural changes were mainly observed in frontal and parietal cortices including superior frontal gyrus, rostral middle frontal gyrus, caudal middle frontal gyrus, precentral gyrus, postcentral gyrus, supramarginal gyrus, superior parietal lobule, inferior parietal lobule, paracentral lobule, rostral anterior cingulate cortex, caudal anterior cingulate cortex and posterior cingulate cortex. It is especially worth noting that the macrostructural and microstructural abnormalities have almost no spatial overlap, with decreased thickness predominantly in the temporal lobe and microstructural abnormalities predominantly in the frontal and parietal lobes (Fig. 3, Table IV ).
In addition to medial and lateral temporal lobe regions, significant differences in cortical thickness were clearly shown between AD and NC groups in several frontal and Deep gray matter regions that showed significant differences in volume and MK between NC and aMCI/AD. GP, globus pallidus; Put, putamen; Thal, thalamus; HIP, hippocampus; Cau, Caudate nucleus; Amyg, amygdala. [Color figure can be viewed at wileyonlinelibrary.com] r Gong et al. r r 2500 r parietal lobe cortices that also exhibited microstructural change in the stage of aMCI including the superior frontal gyrus, rostral middle frontal gyrus, central middle frontal gyrus, paracentral lobule, middle orbital frontal cortex and paracentral lobule. As in aMCI versus NC comparisons, changes in DKI metrics were still predominantly in frontal and parietal lobe cortices with parametric differences more widely distributed (Fig. 4 , Table IV) .
Correlations with MMSE score were in a similar spatial pattern to the group comparisons with DKI metrics exhibiting significant correlations predominantly in frontal and parietal regions while thickness measurement exhibiting significant correlations in medial and lateral temporal regions, as well as some of the frontal cortices. It is worth noting that among the three DKI metrics, FA exhibited the smallest area of significant MMSE correlation (Fig. 5 , Table IV) .
DISCUSSION
This is the first study that investigated both microstructural alterations reflected by non-Gaussian diffusion and morphological changes in cortical and deep gray matter. The
Figure 2.
Box plots of mean kurtosis (MK) in the thalamus and putamen. Significantly lower MK was observed in the putamen in both aMCI and AD groups. In the thalamus, significantly lower MK was observed in aMCI group. combinatorial analysis along the trajectory from NC to MCI to AD also provided insight into the spatial relationship and possible temporal sequence between macrostructural and microstructural changes in the progression of the disease. The above findings granted further exploration of structural imaging biomarkers that could assist in early diagnosis, progression monitoring, and cognitive assessment of the disease.
Abnormalities of Microstructure and Volume in Deep Gray Matter
Amyloid deposition has been reported to first appear in the striatum and thalamus in presymptomatic familial AD [Klunk et al., 2007] . However, deep gray matter regions have received much less attention than white matter from diffusion MRI studies. Only a few DTI studies reported decreased FA in the caudate and thalamus [Zarei et al., 2010] , or increased diffusivity in the putamen, amygdala and hippocampus [Ray et al., 2006; Ryan et al., 2013] . In this DKI study of deep gray matter, we observed significant increase of MD in the globus pallidus, which has not been reported previously. It is especially worth noting that compared to FA and MD, MK captured more broadly distributed microstructural abnormalities in all deep gray matter regions except the amygdala. Most previous DKI studies have reported the advantages of diffusional kurtosis metrics over conventional diffusivity metrics in deep gray matter. For example, in the caudate, putamen, and globus pallidus of patients with Parkinson's disease, MK was the only metric that differed significantly from normal subjects [Wang et al., 2011] . In a recent study using DKI in a mouse model of AD, MK of the thalamus was shown to be significantly higher in diseased mice despite no alterations in diffusivity metrics [Vanhoutte et al., 2013] . Our findings of significant decreases in MK in the putamen, globus pallidus and hippocampus indicated neuropathological features of AD, which are loss of microstructural compartments such as neuronal cell bodies, axons, synapses, and dendrites in cortex and subcortical regions. This also corroborated the notion that DKI may provide an imaging metric sensitive to microstructural changes in relative isotropic diffusional environment. We observed decreased volume in the hippocampus, putamen, amygdala, and thalamus in AD patients. It is interesting to note that at the stage of aMCI, DKI metrics exhibited significant abnormalities in more nuclei as All of these findings suggested that microstructural alterations detected by diffusion metrics were not completely overlapping with macrostructural changes. The temporal trend mentioned above indicated that microstructural changes probably predate volumetric alterations at macroscopic level. This notion was supported especially by the observation that atrophies of the thalamus and putamen were present at the later stage of AD, while they were absent at the early aMCI stage when microstructural abnormalities were captured by all three DKI metrics (Table II, Fig. 1) .
We hypothesize that such a temporal trend is a reflection of a counterbalancing effect between a small-scale loss of microstructural compartments and a large-scale shrinkage of the whole nucleus. The volume of a nucleus represents a host of cytoarchitectural features including neuronal cell bodies, axons, dendrites, synapses and glia. At the initial phase, loss of cell bodies and disintegration of axons led to loss of microstructural complexity and increase in extracellular free diffusion space. These microstructural changes further manifested as increases in MD, decreases in MK, as well as probable decreases in FA. With the progression of disease, large-scale loss of neuronal complexity results in shrinkage that will later condense the nucleus structure and recover the density of neuronal compartments, thus "concealing" the effect of loss of microstructural compartments initially captured by diffusion metrics (Fig. 6A) . Although accumulations of beta-amyloid and ferritin might potentially increase MK in deep gray matter, they could be counterbalanced by local loss of neuronal structures and thus not observed in the present study [Gong et al., 2014 [Gong et al., , 2015 Vanhoutte et al., 2013] . A contrary argument would be that the volume decreases predated microstructural changes; highly condensed space led to loss of neuronal compartments (Fig. 6B) . If this assumption holds true, more widespread decreases in volume, but not changes in DKI metrics, are expected at the early aMCI stage. Regions exhibiting volume loss at the early aMCI stage are projected to exhibit abnormalities in DKI metrics at the later AD stage. Moreover, shrinkage of extracellular free diffusion space should result in a decrease in MD, increase in MK and probable increase in FA at the aMCI stage (Fig. 6B ). All these postulated observations, especially the increases in MD, contradict the current study and, to the best of our knowledge, most of the previous DTI studies [Sexton et al., 2011] .
MMSE is one of the most commonly used clinical screening tools for cognitive impairment and dementia. After adjusting for age and gender, strong correlations with MMSE score were found in volumes of the left putamen, left amygdala, and especially both the left and right hippocampus (Table III) . Deep gray matter volume has been previously shown to have predictive value in AD [den Heijer et al., 2006; Ryan et al., 2013] . Our analysis was in line with the idea that the smaller the volume of the hippocampus, putamen and amygdala, the more impaired the cognitive performance is. In fact, hippocampal atrophies are the strongest predictors for cognitive function found in the present study (B 5 5.035 and 4.801) . These deep gray matter nuclei are believed to be crucial to cognitive functions. The hippocampus plays an important role in the formation of new memories about experienced events. The association between the decline of hippocampus volume and decline in memory performance in adult human brain has been well documented [Van Petten, 2004] . Existing literature has shown that the putamen is active in probabilistic learning tasks and working memory tasks [Graybiel, 2005] . The putamen has also been related to the emergence of dementia in Parkinson's disease [Emre, 2003] . Additionally, recent studies have identified a correlation between atrophy of left putamen and global cognitive decline in elderly subjects [Bellebaum et al., 2008; de Jong et al., 2008] . The amygdala is also considered to play a crucial role in the emotional memory processes in humans. Activation in the amygdala has been reported during the processing of sadness, fear or angry emotions in functional MRI studies [Larson et al., 2006; Wang et al., 2005] . To the best of our knowledge, this is the first study that explicitly showed correlations between cognitive functioning and volumes of the putamen, amygdala and hippocampus in an aMCI and AD cohort. It supports the notion that changes in cognitive function may also be used for monitoring disease progression. It is still unclear why there is left side dominance for correlations in the putamen and amygdala, which might be due to the righthandedness of the majority of the subject cohort. Whether shrinkage of the putamen and amygdala is a primary or a secondary phenomenon in the pathology of AD also remains unknown.
Abnormalities of Microstructure and Thickness in Cortical Gray Matter
There is a growing amount of literature showing that the cortical thicknesses of regions such as the entorhinal cortex, where largest number of neurofibrillary tangles was found, and parahippocampal gyrus were sensitive biomarkers for early diagnosis of AD [Du et al., 2001] . They have also been reported to have high discrimination accuracy and specificity for identifying MCI individuals [Desikan et al., 2009 ]. In line with previous studies, we found significant decreases in cortical thickness in the medial and lateral temporal cortex (Figs. 3 and 4) . Comparing findings in AD to those in aMCI, larger areas of atrophy were found, especially in the frontal and parietal association cortical regions such as the superior parietal lobule. Such degeneration in parietal regions may be related to parietal lobe function and visuospatial attention deficits. Positive correlations with MMSE score were observed in similar frontal and parietal regions, including superior frontal gyrus and rostral middle frontal gyrus (Fig. 5) . These frontal cortices are known to play a significant role in memory function, where structural degenerations are expected in AD. A previous study reported that cortex thickness is useful for monitoring progression of MCI [Devanand et al., 2007] . This is consistent with our observations of associations between cognitive decline and cortical thickness.
We found elevated MD predominantly in the frontal and parietal cortices, including the posterior cingulate cortex, paracentral lobule, superior frontal gyrus, caudal middle gyrus, rostral middle gyrus, and supramarginal gyrus. The most prominent microstructural abnormalities reflected by MD were in posterior cingulate cortex. It is suggested that the posterior cingulate was the most significantly hypometabolic cortical region and may be of greatest importance in generating cognitive deficit [Chetelat et al., 2009] . It has also been postulated that episodic memory impairment in AD could not be explained by neuronal damage to the medial temporal lobe alone, but most likely also requires involving the posterior cingulate [Nestor et al., 2006] . In context of these previous studies, our findings provided direct evidence relating microstructural degeneration in the posterior cingulate cortex to cognitive decline. Among the three DKI metrics, MD was the most sensitive metric for capturing microstructural abnormalities in AD and aMCI as well as serving as surrogate imaging biomarker for assessing cognitive status. It is noted that unlike in deep gray matter where MK captured microstructural abnormalities in more regions relative to MD, cortices that exhibited MK differences appear to be a subset of those exhibiting MD differences between AD/MCI and healthy control. This discrepancy may result from the microstructural differences between cortical and deep gray matter. Cortical gray matter consists of mainly cell bodies such as astrocytes, while deep gray matter consists of more densely packed cells with transverse axonal fibers.
According to the hierarchical pathology of AD, the temporal sequence of regions affected by neurofibrillary tangles and neurotic plaques in the cerebral cortex is from medial temporal to lateral temporal and parietal to frontal cortices [Arnold et al., 1991] . In our study, abnormalities in thickness were mainly in the medial and lateral temporal lobes, especially at the stage of aMCI. Microstructural changes were mainly in parietal and even frontal lobes in both aMCI and AD. Fitting these observations to the hierarchical pathology of AD, we can more confidently conclude that microstructural changes detected by nonGaussian diffusion were a reflection of the known pathology underlying AD and most likely predated morphological changes. Again, shrinkage of cortical thickness in superior, r Macro-and Microstructural Changes in Gray Matter of AD r r 2505 r middle and inferior temporal gyrus as well as parahippocampal gyrus condensed the microstructural compositions and counterbalanced the effect of microstructural disintegration observable using MD, FA, and MK. Therefore, almost no significant group difference or correlation with MMSE was found in the temporal cortices using DKI metrics.
The present study has several limitations. The first of these is its cross-sectional design and the relatively small sample size. To further corroborate our understanding and elucidate the spatiotemporal dynamics of the microscopic and macroscopic changes along the course of AD degeneration, a longitudinal study should be performed to follow subjects from the early stage of aMCI. Follow-up studies of larger cohorts can also help verify findings of kurtosis metrics in deep gray matter. Although DKI metrics can indirectly reflect the complexity and heterogeneity of microstructural compositions, DKI models are not designed specifically for quantifying neuronal density. Further validation with a dedicated gray matter biophysical model and histological quantification would provide more direct evidence of neuronal loss. More sophisticated statistical analyses of combined DKI metrics and morphological measurements to identify the best model for early diagnosis of AD could also benefit further studies aimed at assisting clinical practice.
Non-Gaussian diffusion metrics such as MK from DKI can complement conventional MD and FA for detecting microstructural changes, especially in deep gray matter. This can potentially improve the efficacy of diffusion metrics for serving as diagnostic imaging biomarkers. This study also provides evidence supporting the proposed notion that microstructural changes in cortical and deep gray matter precede macrostructural changes such as volume and cortical thickness. These results not only deepened our understanding of neurodegenerative mechanisms but also can inform future diagnosis and design of effective therapeutics by capturing subtle pathological changes at early phases of the disease, predicting regions in danger of atrophy, and monitoring decline and recovery of cognitive functions.
